Summary In older men, severe abdominal aortic calcification and vertebral fracture (both assessed using dual-energy X-ray absorptiometry) were positively associated after adjustment for confounders including bone mineral density. Introduction Abdominal aortic calcification (AAC) is associated with higher fracture risk, independently of low bone mineral density (BMD). Dual-energy X-ray absorptiometry (DXA) can be used to assess both vertebral fracture and AAC and requires less time, cost, and radiation exposure. Methods We conducted a cross-sectional study of the association between AAC and prevalent vertebral fractures in 901 men ≥50 years old. We used DXA (vertebral fracture assessment) to evaluate BMD, vertebral fracture, and AAC. Results Prevalence of vertebral fracture was 11 %. Median AAC score was 1 and 12 % of men had AAC score >6. After adjustment for age, weight, femoral neck BMD, smoking, ischemic heart disease, diabetes, and hypertension, AAC score >6 (vs ≤6) was associated with 2.5 (95 % CI, 1.4-4.5) higher odds of vertebral fracture. Odds of vertebral fracture for AAC score >6 increased with vertebral fracture severity (grade 1, OR01.8; grade 2, OR02.4; grade 3, OR04.4; trend p<0.01) and with the number of vertebral fractures (1 fracture, OR02.0, >1 fracture, OR03.5). Prevalence of vertebral fracture was twice as high in men having both a T-score<−2.0 and an AAC score>6 compared with men having only one of these characteristics. Conclusions Men with greater severity AAC had greater severity and greater number of vertebral fractures, independently of BMD and co-morbidities. DXA can be used to assess vertebral fracture and AAC. It can provide a rapid, safe, and less expensive alternative to radiography. DXA may be an important clinical tool to identify men at high risk of adverse outcomes from osteoporosis and cardiovascular disease.
Introduction
Previous studies suggest that arterial calcification is associated with decreased bone mineral density (BMD) [1] [2] [3] [4] [5] [6] [7] [8] and increased risk of fracture [1-6, 9, 10] , although findings can vary according to population, skeletal site, and method used to measure arterial calcification. Calcification in the aortic media is a highly regulated process involving hormones, cytokines, transdifferentiation of vascular cells into bone cells, mineral deposition, and other factors [11] .
An association between arterial calcification and skeletal fragility has significant clinical implications. A single assessment of bone and vascular calcification could identify individuals for treatment and prevention of future cardiovascular events and fracture, which are major causes of morbidity and mortality [12, 13] . Dual-energy X-ray absorptiometry (DXA) can be used to assess both vertebral fracture and abdominal aortic calcification (AAC) [14] [15] [16] [17] . Compared with radiography, DXA evaluation of vertebral fracture is more rapid, less costly, and requires less exposure to radiation. In addition, DXA assessment of vertebral fracture predicts subsequent fragility fracture [18] , and DXA evaluation of AAC predicts incidence of cardiovascular events [17] . Identifying individuals at risk for both cardiovascular events and osteoporotic fracture may help reduce morbidity and mortality associated with these highly common conditions. Therefore, we conducted a cross-sectional study to determine the association between prevalent vertebral fracture and AAC, each assessed by DXA, in older men from the Structure of the Aging Men's Bone (STRAMBO) study.
Subjects and methods

Participants
Participants in this study are members of the ongoing STRAMBO study, a single-center, prospective, cohort study of the determinants of skeletal fragility in men [19] No exclusion criteria were used. This study was carried out in 920 men age 50 years and greater. DXA scans for 19 men could not be evaluated for assessment of vertebral fracture and/or AAC and were excluded from this study. Thus, the current analysis was performed in 901 men. Dual-energy X-ray absorptiometry BMD was measured at the lumbar spine, femoral neck, total hip, whole body, and distal non-dominant forearm by dualenergy X-ray absorptiometry using a Hologic Discovery, a device equipped with rotatory C-arm (HOLOGIC Inc., Bedford, MA). T-scores were calculated on the basis of the BMD values obtained in 116 healthy men aged 20 to 35 from the STRAMBO cohort. We used BMD and T-scores for femoral neck in the current study. Long-term stability of the device was assessed by daily measurements of the Hologic spine phantom (CV 00.35 %). Lateral singleenergy scans of the thoracic and lumbar (T4-L4) spine were obtained in the dorsal decubitus (supine) position using Vertebral Fracture Assessment software (VFA) [16] .
Abdominal aortic calcification
Aortic calcification was assessed from VFA scans using a semiquantitative method [20] . Calcific deposits in the anterior and posterior walls of the abdominal aorta adjacent to the first four lumbar vertebrae were assessed using the midpoint of the intervertebral space above and below the vertebrae as boundaries. Severity scores for the eight segments of the posterior and anterior walls (0-3) were added to yield an AAC score ranging from 0 to 24.
Intra-and inter-rater reproducibility was assessed by two readers (PS, DPK) for 76 randomly selected scans. Intraand inter-rater agreement (intraclass correlation coefficient) for AAC score (continuous scale) was 0.95 (95 % confidence interval (CI) 0.91, 0.99) and 0.90 (95 % CI 0.86, 0.94), respectively. Intra-and inter-rater agreement (kappa) for AAC score >6 vs ≤6 (a cut-point used in the current study) was κ00.93 (95 % CI 0.89, 1.00) and κ00.83 (95 % CI 0.69, 0.98), respectively.
Vertebral fracture
Prevalent vertebral fractures from T4 to L4 were assessed by one reader (PS) using Genant's semiquantitative score, modified for use in men [21, 22] . Vertebral fractures due to major trauma and non-fracture vertebral deformities (e.g., arthritis and Scheuerman's disease) were classified as nonfractured [23] . Vertebrae that could not be assessed due to poor visibility of vertebrae (23 % at T4, 11 % at T5 and T6) were considered as non-fractured. We considered two definitions of vertebral fracture. First, fracture was defined as a vertebral body graded at least mildly deformed (grade ≥1 vs grade 0). Second, we restricted the definition to include moderate to severe fracture (grade ≥2 vs grade ≤1). We determined inter-and intra-rater agreement for vertebral fracture assessment for two readers (PS and ESR) assessed using a sample of scans for 45 participants, enriched to include 32 individuals (71 %) with fracture to obtain meaningful results. Each reader assessed the scans for each individual on two separate occasions, 3 weeks apart, blinded to each other's readings and to his/her first reading. Intra-rater agreement (κ) for vertebral fracture (grade ≥1 vs 0) ranged from 0.89 to 0.93, and inter-rater agreement (κ) was 0.84-0.91. Intra-rater agreement for grade ≥2 vs grade ≤1 ranged from κ00.85 to 0.87, and inter-rater agreement ranged from 0.77 to 0.79. Intra-rater agreement (κ) for severity of vertebral fracture, classified as grade 0-3 (four classes) ranged from 0.86 to 0.88, and inter-rater agreement ranged from 0.76 to 0.81.
Covariates
Information on covariates was obtained from a standardized questionnaire administered by an interviewer. Men selfreported age, history of smoking, and chronic disease (ischemic heart disease, diabetes mellitus, hypertension). Weight (kilograms) and height (centimeter) were measured in light clothes without shoes using standard clinical equipment.
Statistical analyses
Men with more than one vertebral fracture were classified according to the fracture with greatest severity. Bivariate comparisons between AAC score and class variables (smoking status and co-morbidities) were performed by KruskalWallis tests. We categorized AAC score into four groups: 0, 1-2, 3-6, and >6 or dichotomously as >6 versus ≤6. These thresholds were used in a similar study of men [5] and also provided sufficient numbers in each category for analysis.
We performed Chi 2 test and Fisher's exact test to evaluate prevalence of co-morbidities and of smoking habits as well as differences in vertebral fracture prevalence, severity, and number by category of AAC score (0, 1-2, 3-6, and >6). BMD across the four groups of the AAC score was assessed using analysis of covariance adjusted for age, weight, smoking, hypertension, ischemic heart disease, and diabetes mellitus. We used logistic regression to calculate age-and multivariableadjusted odds ratios (OR) of vertebral fracture and 95 % CI associated with AAC score >6 (vs ≤6). The multivariable model also included age, weight, femoral neck BMD, smoking, hypertension, ischemic heart disease, and diabetes. We selected covariates based on the model that provided the highest area under the curve for presence of vertebral fracture (c statistic). For definitions of vertebral fractures (dependent variable) including more than two fracture severity levels (grade 1, grade 2, and grade 3 vs grade 0; one fracture and >1 fracture vs no fracture), we used multivariate polytomous logistic regression. We calculated ORs of vertebral fracture according to a fourlevel, independent, class variable created to represent men according to both femoral neck BMD T-score and AAC score as follows: [1] T-score≥−2 and AAC score ≤6 (reference), [2] T-score≥−2 and AAC score >6, [3] T-score<−2 and AAC score ≤6, and [4] T-score<−2 and AAC score >6. Since there were few men with T-score of −2.5, we used T-score of −2 in order to have sufficient numbers of men in each category for analysis. Analysis was performed using SAS 9.1 software (SAS Institute Inc., Cary, NC).
Results
Average age of the 901 men was 70 years and mean BMI was 27.7 kg/m 2 ( Table 1) . Seven percent were current smokers, 38 % reported hypertension, 11 % diabetes, and 14 % ischemic heart disease. Prevalence of vertebral fracture (grade ≥1) was 11 %, and prevalence of moderate and severe fractures (grade ≥2) was 9 %. Moderate grade 2 fracture was most common with 7 % prevalence whereas prevalence was as low as 2 % for mild (grade 1) fracture and 2 % for severe (grade 3) fracture. Sixty-one (7 %) men had one fracture and 4 % had more than one fracture. Sixty-four men had only thoracic fractures, 16 men had only lumbar fractures and 18 men had both thoracic and lumbar fractures. The distribution of vertebral fractures across the spine followed the expected bimodal distribution centered around T7/T8 and T12/L1 (Fig. 1a) . Median AAC score was 1 (range, 0-22; interquartile range, 1-3). AAC score was 0 (no aortic calcification) for 44 % of men, 27 % had AAC01-2, 17 % had AAC03-6, and 12 % had AAC>6. AAC score increased with age (Fig. 1b) . Smoking habits and prevalence of co-morbidities (ischemic heart disease, hypertension, diabetes) were similar in the three lower classes of AAC score but higher in men with AAC score >6 ( Table 2) . After adjustment for confounders, BMD at all the skeletal sites was not associated with AAC score (p>0.10). There was no trend for any site (p>0.25).
Abdominal aortic calcification and vertebral fracture
Prevalence, severity, and number of vertebral fracture were similar in the three categories with lower AAC score (0, 1-2, and 3-6) and significantly higher in men with the AAC score>6; however, the trend was not statistically significant for frequency of mild (grade 1) fracture. Multivariable-adjusted odds of vertebral fracture were 2.5 times higher in men with AAC score >6 vs ≤6 (Table 3) . Multivariable-adjusted odds of fracture associated with AAC score >6 vs ≤6 increased with increasing severity of fracture and with increasing number of fractures. Men with AAC score >6 had 1.8 increased odds of grade 1 fracture, 2.4 increased odds of grade 2 fracture and 4.4 increased odds of grade 3 fracture (trend: p<0.01). Men with AAC score >6 had 2.0 increased odds of one fracture and 3.5 increased odds of multiple vertebral fractures.
Prevalence of vertebral fracture (grade ≥1) was twice as high in men having both a low T-score (T<-2.0) and AAC score >6 compared with men having only one of these characteristics (Table 4 ). This pattern also held for grade >1 vertebral fracture (moderate and severe vs no or mild). Multivariable-adjusted odds of vertebral fracture was eight times as high in men having both a low T-score (T<−2.0) and AAC score >6 compared with the reference group. Furthermore, odds of grade>1 vertebral fracture was two 
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Fig times as high for both a low T-score (T<−2.0) and≥grade 2 fracture compared with the reference group. We found similar results when we changed the AAC score threshold (AAC score >5 or >7) and when we used BMD of another skeletal site (distal radius, total hip, and whole body).
Discussion
In this cohort of older men, severity of aortic calcification, assessed on lateral DXA scan (obtained using the VFA software), was associated with a higher prevalence number and severity of vertebral fracture independent of age, BMD, smoking habits, and co-morbidities.
Our finding that higher AAC was associated with higher vertebral fracture prevalence in the general population is supported by some [1, 3-6, 10], but not all [2, [24] [25] [26] studies. Higher risk of vertebral fracture was also found in hemodialysis patients with severe AAC and in postmenopausal women with echogenic carotid artery plaque [9, 27, 28] . Moreover, older men with arterial disease had higher risk of non-spine fracture [29] . Interestingly, vertebral fracture severity was associated with higher cardiovascular risk in postmenopausal women [30] . These studies (including this one) show that the link between fragility fracture and cardiovascular disease is driven by more severe fractures (hip fracture, grade ≥2 vertebral fracture) and by severe cardiovascular disease (severe arterial calcification, renal failure, major cardiovascular event). In addition, sufficient number of events and temporal proximity are necessary to detect the association. The association between fragility fracture and cardiovascular disease has not been detected in small groups, especially composed of younger individuals without severe cardiovascular pathology, or in the longterm follow-up with a large time elapse between the cardiovascular event (or the assessment of cardiovascular status) and fracture event [31, 32] .
In our study, severe AAC was associated with vertebral fracture but not with lower BMD, and the link between AAC and vertebral fracture was significant after adjustment for BMD. Thus, similar to previous studies, this association is independent of BMD. It is possible that poor health status (chronic diseases, side effects of drugs, bad lifestyle habits) might be an underlying explanation as to why the association is independent of BMD, although AAC was associated with vertebral fracture after adjustment for age and comorbidities. Another possible explanation is that cardiovascular diseases or medications may increase the risk of falling and cause vertebral fractures [33, 34] . However, the link between AAC score and fracture risk persisted after adjustment for a history of falls [5] . Adjustment for co-morbidities had a small impact on the results in this study probably, because few vertebral fractures are related to falls. Men with severe AAC may have some bone defect not detected by DXA. Vertebral fracture has been associated with poor cortical microarchitecture [23] . However, in men, AAC correlated with trabecular number only weakly [35] . Abdominal obesity has been associated with severe AAC and lower BMD, but not with higher fracture risk [36] [37] [38] . Higher homocysteine (Hcy) level was associated with severe aortic calcification in one study [39] ; however, data on the link between higher Hcy and vertebral fracture are scanty [40] . Hcy inhibits lysyl oxidase and decreases formation of collagen crosslinks. Low deoxypyridinoline content was found in the aortic calcified lesions [41] . However, data on the link between bone crosslink content and bone strength are discordant [42, 43] . Accumulation of the glycation end-product, pentosidine, in bone may reduce bone strength by affecting the nonmineralized matrix of bone [44] . However, in a small group of samples, pentosidine content did not differ between the calcified and non-calcified aortic lesions [41] . In the femoral neck of hip fracture patients, osteopontin (OPN) content was low [45] . In low density lipoprotein receptor −/− mice, low OPN content correlated with higher aortic calcification [46] . However, one study had a modest sample size and the second study used an experimental model. Thus, the mechanism of the link between AAC and bone fragility remains elusive.
Reproducibility of the diagnosis of vertebral fractures and AAC assessed by intra-and inter-reader agreement was similar to the agreement found previously both for AAC score and for vertebral fracture assessed on radiographs [20, 21] . This indicates that DXA lateral scans provide image quality which may be comparable to radiographs for the diagnosis of AAC and vertebral fractures.
Our study has limitations. First, the cohort composed of volunteers may not be representative of the general population, mainly among the oldest men. Second, in a crosssectional study such as this one, we do not know the temporal relation between vertebral fractures and AAC appearance. Third, although we excluded vertebral fractures due to self-reported severe trauma, we did not assess circumstances of all fractures. Fourth, not all DXA scans could be assessed such as those of poor quality or with scoliosis, and not all the thoracic vertebrae could be assessed for the presence of fracture. The advantage of lateral DXA scans compared with radiographs is the absence of parallax affecting the vertebral contours; however, the image resolution may be poorer. Finally, co-morbidities and smoking habits were self-reported and not further ascertained. Most importantly, vertebral fractures and AAC were assessed by one reader and from the same scan but on two separate occasions. This may introduce a bias in the assessment. We believe this is not the case for four reasons. We had satisfactory intra-and inter-rater agreement of the diagnosis of vertebral fractures and of AAC. Higher prevalence of vertebral fractures was observed only in men with AAC >6, whereas the vertebral fracture prevalence did not vary in men with AAC ≤6. A biased ("wishful thinking") reading may have produced more fractures in men with low AAC score. Although the difference between two estimations of AAC may vary within a couple of units, men with AAC>6 did have severe AAC. The association between AAC and vertebral fractures was driven by the association with the grades 2 and 3 fractures, whereas that with the grade 1 fracture was not significant. Biased reading may have been more likely to produce false-positive grade 1 fractures leading to associations driven by grade 1 fractures and not by the grade 2 and 3 fractures; however our findings were strongest for more severe grades of fractures. The association between AAC and vertebral fractures was driven by the multiple fractures, whereas that with a single fracture was weaker. Biased reading may have been more likely to produce false-positive single fractures, thus, the association would have been driven by the single and not by the multiple fractures. Overall, these observations argue against a systematic bias during the reading of scans.
A cross-sectional epidemiological study does not permit us to study mechanisms underlying the association between AAC and bone fragility. In addition, it is not possible to determine if vertebral fracture and AAC occur simultaneously, or if one precedes the other. Nevertheless, our results suggest that men with vertebral fracture, especially men with moderate and severe fracture or men with more than one fracture, are likely to concurrently have significant AAC. Our study demonstrates that DXA may be used for the assessment of vertebral fractures and AAC in research studies and, potentially, in clinical practice. Our results are in line with previous data obtained using radiography and showing that higher risk of fracture is observed mainly in subjects with severe AAC. In addition, we show that the reproducibility of the diagnosis of vertebral fracture and AAC on lateral DXA scans is comparable to that observed for radiographs. Thus, our data suggest that the assessment of AAC and vertebral fracture by DXA may be a safe, rapid, and inexpensive tool to study the link between cardiovascular diseases and osteoporosis. The association between severe AAC and vertebral fracture implies that DXA examinations may provide opportunity to identify men for prevention of future fracture and cardiovascular events.
